Replication of all positive-strand RNA viruses is intimately associated with membranes. Here we utilize electron tomography and other methods to investigate the remodeling of membranes in poliovirus-infected cells. We found that the viral replication structures previously described as "vesicles" are in fact convoluted, branching chambers with complex and dynamic morphology. They are likely to originate from cis-Golgi membranes and are represented during the early stages of infection by singlewalled connecting and branching tubular compartments. These early viral organelles gradually transform into doublemembrane structures by extension of membranous walls and/or collapsing of the luminal cavity of the single-membrane structures. As the double-membrane regions develop, they enclose cytoplasmic material. At this stage, a continuous membranous structure may have double-and single-walled membrane morphology at adjacent cross-sections. In the late stages of the replication cycle, the structures are represented mostly by double-membrane vesicles. Viral replication proteins, doublestranded RNA species, and actively replicating RNA are associated with both double-and single-membrane structures. However, the exponential phase of viral RNA synthesis occurs when single-membrane formations are predominant in the cell. It has been shown previously that replication complexes of some other positive-strand RNA viruses form on membrane invaginations, which result from negative membrane curvature. Our data show that the remodeling of cellular membranes in poliovirusinfected cells produces structures with positive curvature of membranes. Thus, it is likely that there is a fundamental divergence in the requirements for the supporting cellular membrane-shaping machinery among different groups of positive-strand RNA viruses.
P
ositive-strand RNA viruses infect eukaryotic hosts from phytoplankton algae to humans. A unique feature apparently contributing to the outstanding evolutionary success of this group of pathogens is their obligatory dependence on cellular membranes for viral genome replication. It has been postulated that this strategy may provide several advantages for the virus. First, association of viral replication proteins with membranes creates a high local concentration of viral products; second, assembly of the components of viral replication complexes on membranes may provide a structural scaffold facilitating their proper spatial organization; and third, the membrane enclosure of replication sites provides protection from cellular sensors of infection and defense mechanisms (47) . Different positive-strand RNA viruses target different cellular membranes and induce various degrees of morphological alteration. Nevertheless, the relatively small genome size of these viruses and the considerable level of sequence conservation among functional domains of viral proteins (1, 32, 33) suggest that there may be common strategies for transformation of cellular membranes into viral replication sites shared by even evolutionarily distant groups of positive-strand RNA viruses.
Poliovirus is arguably one of the best-studied positive-strand RNA viruses that infect animal cells. It is the prototype member of the Picornaviridae family, which includes many important human and livestock pathogens, such as Coxsackie viruses, foot and mouth disease virus, rhinoviruses, and hepatitis A virus. The genome RNA of poliovirus is about 7,500 nucleotides (nt) in length and has the polarity of mRNA, thus defining it as positive stranded. Upon entrance into the cell, the viral RNA is directly translated into one long polyprotein that is cleaved in cis and in trans by three virus-specific proteases into structural and replication proteins. The proteolytic processing cascade generates about 10 mature proteins and a number of intermediate products, many of which perform their own independent functions in the viral life cycle. About half of the nonstructural proteins of poliovirus have been implicated in interference with cellular membrane metabolism, resulting in major rearrangements of pre-existing subcellular organelles. The precise mechanisms utilized by poliovirus to subvert normal cellular pathways remain unknown.
Massive virus-induced membrane remodeling is the most conspicuous morphological feature observed in images of poliovirusinfected cells. This phenomenon was described more than 50 years ago (29) , and the morphology, nature, and mechanisms of formation of these replication structures have been a matter of investigation and debate ever since. It has been shown that development of poliovirus-induced membranous structures utilizes preexisting cellular membranes and also requires de novo-synthesized lipids (25, 42) . However, the origin of those membranes proved difficult to pinpoint. A significant body of evidence, including biochemical and structural data, suggests that the endoplasmic reticulum (ER) must play a major role in the formation of those structures (9, 17, 46) . On the other hand, the earliest virus-induced replication complexes were observed to be associated with Golgi compartments (11, 25) whereas markers from the ER, Golgi compartments, and lysosomes were all found to be associated with poliovirus replication structures later in infection (48) .
The very descriptions of the morphology of these virusinduced membrane rearrangements remain controversial. The first report identified them as U-bodies because of their horseshoe-shaped appearance in early transmission electron micrographs (TEM) of infected cells (29) . Later, Bienz et al. described them as clusters of single-membrane vesicles (9, 12) , while other reports (48, 51) brought to attention the double-membrane morphology of poliovirus-induced vesicles detected after the use of high-pressure freezing for sample processing. The single-versus double-membrane morphology of the vesicles was interpreted as indicating two different models of their formation. Rust et al. proposed that single-membrane vesicles in poliovirus replication structures were formed due to viral subversion of the cellular COPII-dependent process of vesicle budding from the ER membrane (46) . COPII-coated vesicles normally transfer cargo from the ER to Golgi compartments in the cellular secretory pathway. The idea of the involvement of at least some components of the secretory pathway in poliovirus replication is supported by the sensitivity of poliovirus infection to brefeldin A (BFA) (26, 39) , a specific inhibitor of cellular secretion, and the strong dependence of virus replication on the cellular guanine nucleotide exchange factor GBF1, a key component of the early steps of the secretory pathway (6, 8) . On the other hand, an autophagy-like mechanism was postulated to explain the observation of the doublemembrane vesicles clearly associated in infected cells with viral translation and replication products (48, 51) . It was shown that the cellular autophagy pathway was indeed activated in infected cells and that stimulation or suppression of autophagy by pharmacological agents or small interfering RNAs (siRNAs) targeting its key components resulted in enhancement or inhibition of viral propagation, respectively (53, 54) .
These conflicting observations prompted us to investigate the development of poliovirus membranous replication complexes in detail, using electron tomography to obtain better insight into the three-dimensional (3-D) architecture and mechanisms of formation of these structures. We found that membrane remodeling in poliovirus-infected cells starts by formation of a tight network of irregularly shaped single-membrane branching tubular structures. Often, the original sites of their formation are associated with a Golgi antigen. Later, they appear to be transformed by a membrane-wrapping process into assemblies of doublemembrane structures. The highest rate of viral RNA synthesis is observed when the membranous replication structures are represented predominantly by single-membrane, convoluted tubules.
MATERIALS AND METHODS
Cells and viral infection. All the experiments were performed on HeLa cells grown in Dulbecco modified Eagle medium (DMEM) supplemented with pyruvate and 10% heat-inactivated fetal bovine serum. Infections were performed with poliovirus type I (Mahoney strain) at a multiplicity of infection of 50 PFU/cell. Cells were grown overnight in 12-well plates on Thermanox coverslips (Nunc) at an initial density of 450,000 cells/well unless otherwise indicated. Before infection, the cells were washed once with serum-free DMEM and then incubated for 30 min in 500 l of HEPES-buffered DMEM with the appropriate amount of virus at room temperature. The medium was then replaced with complete growth medium, and the cells were incubated at 37°C for the indicated times. Mockinfected cells were treated identically but without the addition of virus. Poliovirus mutant with a hemagglutinin (HA) tag in the 3A sequence have been previously described (55) .
Antibodies. Mouse monoclonal antibodies against poliovirus proteins 2C and 3A were a gift from K. Bienz, University of Basel, Switzerland. Monoclonal anti-double-stranded RNA (dsRNA) antibodies were from English & Scientific Consulting Bt (Szirák, Hungary). Monoclonal antiBrdUTP and anticalnexin antibodies were from Sigma-Aldrich. Monoclonal anti-GM130 antibody was from Becton Dickinson. Monoclonal antiactin horseradish peroxidase (HRP)-conjugated antibodies were from Sigma-Aldrich. Sheep anti-mouse polyclonal HRP-conjugated Fab fragments were from Jackson ImmunoResearch Laboratory. Rabbit monoclonal anti-HA antibodies were from Cell Signaling.
Transmission electron microscopy (TEM). Cell cultures were fixed overnight at 4°C in 4% paraformaldehyde-2.5% glutaraldehyde-0.1 M sodium cacodylate buffer. All subsequent processing was carried out using a Pelco Biowave laboratory microwave system (Ted Pella, Inc., Redding, CA) at 250 W and cycles of 2 min on, 2 min off, and 2 min on in a vacuum (Hg, 20 in) unless otherwise indicated. The specimens were postfixed with 0.5% osmium tetroxide-0.8% potassium ferricyanide in 0.1 M sodium cacodylate and then in 1% tannic acid-distilled water and stained en bloc with 1% aqueous uranyl acetate. Samples were rinsed with distilled water and dehydrated in a graded ethanol series for 45 s each time. Subsequently, they were infiltrated with ethanol and Spurr's mixture (1:1) and 100% resin for 5 min in a vacuum, embedded in resin, and cured overnight in a 68°C oven. Thin sections (90 nm) were cut using a UC6 ultramicrotome (Leica Microsystems, Vienna, Austria) and stained with 4% aqueous uranyl acetate and Reynold's lead citrate prior to viewing on a Hitachi H-7500 TEM (Hitachi, Tokyo, Japan) at 80 kV or a Tecnai BioTwin Spirit TEM (FEI, Hillsboro, OR) at 120 kV. Digital images were acquired with a Hammamatsu XR-100 digital camera system (AMT, Danvers, MA.)
Electron tomography. Poliovirus-infected HeLa cells were processed as described above, 200-nm-thick sections were collected on glowdischarged carbon grids, and a mixture of 10-and 15-nm-thick colloidal gold fiducial markers was applied. Using a linear tilt scheme and a Tecnai BioTwin Spirit TEM (FEI) operated at 120 kV, a series of single-axis tilt images were collected. Images captured over a tilt range of Ϯ 68°(1°i ncrements) at a 1-m defocus level were recorded using an UltraScan 1000 Gatan charge-coupled-device (CCD) camera (2,048 by 2,048 pixels) and automated tomography acquisition software (Xplore 3D; FEI). The resulting images had a binning factor of 1 and a pixel size of 0.46 nm or 0.57 nm. The images from the tilt series were aligned using either Inspect 3D (FEI) or an IMOD software package (version 4.2.5), and SIRT reconstructions of 35 iterations were performed. All 3-D surface models were created from unfiltered tomograms with inverted contrast by manually selecting areas of interest and smoothing the 3-D volumes by the use of the Amira visualization package (version 5.3.0; Visage Imaging, Carlsbad, CA).
Immunotransmission electron microscopy (IEM). Cells were fixed in 4% paraformaldehyde-phosphate-buffered saline (PBS) for 20 min. After they were subjected to washing with PBS, they were labeled for an hour with primary and secondary antibodies in 0.05% saponin solution-PBS. All subsequent DAB labeling steps were carried out as mentioned elsewhere (41) .Thin sections (90 nm) were cut using a UC6 ultramicrotome (Leica Microsystems) prior to viewing on a Hitachi H-7500 TEM (Hitachi) at 80 kV or a Tecnai BioTwin Spirit TEM (FEI) at 120 kV. Digital images were acquired with a Hammamatsu XR-100 digital camera system (AMT.)
Cryoscanning electron microscopy (cryo-SEM). Infected HeLa cells fixed overnight at 4°C with 2% paraformaldehyde were washed with double-distilled water prior to suspension in Hanks-buffered saline solution-10% bovine serum albumin (BSA). For examination of alternative fracture planes across lipid bilayers, specimens were additionally postfixed for 1 h with 0.5% osmium tetroxide-0.8% potassium ferricyanide-0.1 M sodium cacodylate prior to washing. All specimens were divided into aliquots of "freeze fracture hats" (Leica Microsystems, Vienna, Austria) for cryoimmobilization in a Leica EMPact2 high-pressure freezer (Leica). The hats were transferred into a BAF 060 (Leica) freeze-etching device, using a vacuum at 1 ϫ 10 Ϫ6 mbar and a stage temperature of Ϫ145°C for fracturing and sputter coating. After the fracturing step, the specimens were sublimated at Ϫ95°C for 15 to 20 min and shadowed at Ϫ145°C by electron beam evaporation with 1.8 to 3.5 nm of platinum at a fixed angle of 45°followed by an additional 14 to 20 nm of carbon (rotary shadowed at a 90°angle). After a coating step, frozen samples were mounted in a Gatan CT-3500 cryo-holder (Gatan, Inc., Abingdon, UK) and observed on a Hitachi S-5200 in-lens microscope (Hitachi) at Ϫ150°C or colder after 15 min of further sublimation at Ϫ95°C within the microscope to remove ice contamination.
Confocal microscopy. HeLa cells grown on glass coverslips were fixed with 4% paraformaldehyde-phosphate-buffered saline (PBS) for 20 min at the indicated time postinfection (p.i.), washed with PBS 3 times, and stored in PBS at 4°C. The cells were permeabilized with 0.2% Triton X-100 -PBS for 5 min and washed 3 times with PBS. After that, the cells were incubated in 3% nonfat dry milk solution for 1 h to block nonspecific binding sites. The cells were incubated sequentially for 1 h with the primary and secondary antibodies prepared in the same blocking solution followed by three PBS washes after each incubation. Images were taken with a Zeiss LSM 510 confocal microscope. Digital images were processed with Adobe Photoshop software; equal adjustments were applied to all images.
BrUTP labeling. Infected and mock-infected cells were transfected at 3.5 h postinfection (h.p.i.) with a BrUTP-lipofectin mix in the presence of actinomycin D (5 g/ml) essentially as described in reference 14 for 1 h and then fixed and processed for immunoelectron microscopy with antiBrdUTP antibodies as described above.
Viral RNA accumulation assay. Total RNA from infected or mockinfected HeLa cells was isolated with QIAshredder and RNeasy columns (Qiagen) according to the manufacturer's recommendations. Material from 3 wells of a 12-well plate was combined for each time point. RNA was reverse transcribed using random primers and a high-capacity cDNA reverse transcription kit (Applied Biosystems). Quantitative PCR (qPCR) was performed using a TaqMan probe (Applied Biosystems) developed for poliovirus sequences and an 18S rRNA probe as a reference. Poliovirus RNA accumulation in infected cells was calculated relative to the signal from mock-infected cells.
RESULTS

Multistage remodeling of cellular membranes in poliovirusinfected cells.
The poliovirus replication cycle in HeLa cells occurs over a period of 6 to 7 h (Fig. 1A [inset]), at the end of which the internal morphology of the cell has become vastly reorganized. The nucleus is crenated and is usually pushed to the periphery of the cell, while clusters of viral replication structures occupy a large portion of the cytoplasm and usually coalesce in the perinuclear region (Fig. 1A) . To investigate the progression of virus-induced membrane remodeling in poliovirus-infected cells, we followed the course of infection by sampling and observing cells at 1-h intervals during the course of a single-step growth cycle. In accordance with earlier reports (12, 17) , the first clear virally induced membrane rearrangements were detectable between 2 and 3 h.p.i. At that time, virus-induced structures appeared as small clusters of associated round and elongated single-membrane compartments of about 100 to 200 nm in cross-section. The interior of the compartments usually appeared empty, although a light amorphous residue was sometimes visible (Fig. 1B) . As infection progressed, those clusters grew in size and developed increasing complexity in shape, but they still maintained their mostly singlemembrane morphology and lack of detectable inner content (Fig.   1C) . At 4 h.p.i., however, intensive crowding and bending of those structures were observed, the round shapes almost disappeared, and occasional unmistakable double-membrane structures (arrow, Fig. 1C) were seen among the single-membrane ones. The apparent deflated, crumpled, "saggy" look of the singlemembrane structures was not due to dehydration during the fixation procedure, since the samples processed for cryo-SEM imaging without the use of dehydrating agents also showed both the "round" and "saggy" shapes of virus-specific membranes (Fig.  1G) . The double-membrane structures were about 100 to 300 nm in diameter and always contained some material that appeared indistinguishable from the surrounding cytoplasm, indicating that they may have developed by an autophagy-like mechanism, as was proposed previously (48) . As the infection process continued, the number of such double-membrane compartments grew, while the number of single-membrane empty chambers continuously declined (Fig. 1D ) until they had almost disappeared at ϳ6 h.p.i. (Fig. 1E) . While the progression of morphological changes in the samples observed at different times postinfection was clearly evident, the ratio of single-versus double-membrane compartments on the cellular scale could not be reliably quantified, given the limitations of the two-dimensional electron microscopy imaging. This temporal development of membrane remodeling can serve as a description of the majority of cells at a given time postinfection. However, even under these experimental conditions, when the cells were simultaneously infected with a multiplicity of infection of 50 viral PFU/cell, the cells did not display exactly the same degree of virus-induced membranous rearrangements. Rather, the cell population always contained a spectrum of cells with "early" and "late" features. Note that the regions of early emptylooking single-membrane clusters were present in cells even at 7 h.p.i. (Fig. 1F, arrowhead) . Thus, membrane remodeling in poliovirus-infected cells showed sequential changes that proceeded from the appearance of "early" small clusters of singlemembrane round compartments to "intermediate" bigger assemblies of irregular shaped single-membrane structures, which in turn later were replaced by either round or irregularly shaped "late" double-membrane formations.
A Golgi marker but not an ER marker is associated with viral membrane structures. In order to investigate the origin of the membranes used to form the viral replication complexes, we performed IEM with antibodies against markers for cellular organelles. We concentrated on the early stage of infection because, first, this is a time of initial, active remodeling of cellular membranes into replication structures; however, such structures do not yet fill all the cytoplasmic space, and normal cellular organelles are still easily detectable. Second, the reliable staining of antigens hidden within big masses of virus-induced membranes found later in infection required stronger permeabilization conditions for IEM staining, resulting in severe destruction of the membrane morphology. Interestingly, permeabilization was much more detrimental for virus-induced structures than for cellular organelles, probably reflecting significant differences in membrane composition. We tested several antibodies to different cellular antigens, and obtained satisfactory staining results with antibodies for GM130, a cis-Golgi protein (43) , and the ER-resident chaperone calnexin (45) . We found that clusters of early single-membrane chambers are strongly associated with staining for GM130 ( Fig.  2A) . Staining for calnexin was never found on viral structures, even when calnexin-positive ER tubules (Fig. 2B, arrowhead) were located in close proximity to the developing clusters of virusinduced membranous chambers (Fig. 2B, arrows) , arguing that the normal ER is not directly transformed into viral replication structures.
The GM130 cis-Golgi marker is redistributed into multiple foci in poliovirus-infected cells. Association of clusters of poliovirus replication membranes with a GM130 cis-Golgi marker as identified by EM observations prompted us to look at the general distribution of this protein in infected cells. To simultaneously visualize GM130 and a poliovirus antigen, we took advantage of a poliovirus mutant that has an engineered HA tag in the 3A protein sequence. This mutant was previously reported to have the same growth characteristics in cell culture as the wild-type virus (55) . 3A is a membrane-binding nonstructural protein, an important component of the poliovirus replication complex, and a modulator of cellular membrane trafficking pathways (5, 35, 51, 58) . Whereas GM130 staining mostly showed elongated ribbons and big agglomerates consistent with normal Golgi localization in mock-infected cells (Fig. 3E) , poliovirus infection resulted in clear redistribution of this antigen into multiple small foci concentrated in big assemblies in perinuclear areas (Fig. 3B) . They often localized together with the signal for poliovirus protein 3A, but sometimes the signal for GM130 was separated from the areas positive for 3A in the confocal plane (Fig. 3C) , suggesting that not all of the GM130 was associated with replication complexes. Thus, poliovirus infection induces complex reorganization of cellular membrane organelles that could be necessary for formation of viral replication membranes.
Electron tomography reveals a transition from singlemembrane convoluted tubular structures to double-membrane vesicles during the course of poliovirus infection. Whereas the conventional thin-section EM images show that a dramatic reorganization of cellular membranes occurred during the course of infection, they do not allow visualization of the 3-D structures of the viral replication complexes. To reveal their spatial organization, 200-nm-thick sections of cells fixed at different times after infection were examined by electron tomography (4, 37) . At ϳ2 to 3 h.p.i., early small clusters of single-membrane compartments were abundant in cells. 3-D reconstruction reveals that these structures represented irregularly shaped, branching tubular structures (Fig. 4A , B, and C; see also movie S1 in the supplemental material).
The intermediate single-membrane structures observed from 3 to 5 h.p.i. showed increased complexity of the membranous network; 3-D reconstructions of structures from areas with a large amount of tightly packed chambers were difficult, as the interpretation of the distinction between continuous versus merely adjacent membranes in the closely packed structures became highly subjective. Consequently, only peripherally located clusters with relatively well-separated individual membranous compartments were selected for reconstruction and 3-D analysis. These intermediate structures were more irregularly shaped, with frequent bending and wrapping around each other and more extensive branching of tubular protrusions, than the early structures ( Fig.  4D to F; see also movie S2 in the supplemental material). ER and Golgi were readily distinguishable in infected cells at up to 4 h.p.i. However, we did not visualize transitions or connections between normal cellular organelles and clusters of viral replication structures, even when they were found in close proximity.
During the final stages of infection, from h 5 to 7, the cytoplasmic structures were almost exclusively represented by doublemembrane and occasionally multilayered membrane compartments. Tomographic reconstructions revealed some long tubular structures and double-membrane vesicles that appeared to be spherical. Almost no branching of late double-membrane structures was observed ( Fig. 4G to I ; see also movie S3 in the supplemental material). The presence of sealed spherical structures was confirmed by freeze fracturing of poliovirus-infected HeLa cells and visualization by cryo-SEM ( Fig. 5 A) ; it is possible, though, that these structures contained small perforations in the membranes, especially at the early stages of their formation, that are not visible in cryo-EM images. Specimens osmicated prior to freezing to allow fractures across lipid bilayers (28, 44) revealed contents within the spherical structures that were consistent with the cytoplasmic material observed by TEM of the later doublemembrane-bound vesicles ( Fig. 5B and C) . 
Double-membrane vesicles are formed by remodeling of single-membrane tubular structures.
Our data show that poliovirus induces formation of single-membrane structures at the early stage of infection, whereas at the end of the replication cycle, the cytoplasm is packed with double-membrane tubules and vesicles filled with cytoplasmic material. This suggests either that there is a mechanism for conversion of the early single-membrane chambers into the late double-membrane ones or that the late structures may form de novo from the remaining cellular membranes that are not yet affected by virus-induced remodeling. The latter possibility seems unlikely, given the scarcity of available "normal" cellular membranes observed late in the virus growth cycle, when the double-membrane structures become prevalent. To determine the origin of the double-membrane vesicles and tubules, we performed electron tomography using the cells at the middle of the virus growth cycle, when the double-membrane structures start to appear. This analysis revealed multiple intermediate forms between the early single-membrane and the late double-membrane structures. The latter appeared to form by wrapping of the single-membrane sacks and tubules, which resulted in engulfment of cytoplasm during the formation of the double-membrane structure (Fig. 6 [arrows] ; see also movies S4a and b in the supplemental material). It should be stressed that the figure does not show the time course of development of the double-membrane structures but presents different slices through a tomographic volume, demonstrating that open and sealed regions exist simultaneously in one continuous membranous structure. The darker intraluminal staining of the structure shown in Fig. 6A , B, and C probably reflects entrapment of the electrondense material between closely opposed membranes during sample preparation, since the part of the same structure with more widely separated membranes (Fig. 6A [lower part of the image]) shows a level of luminal staining indistinguishable from that seen with other single-membrane compartments. Thus, the origin of the double-membrane structures in infected cells is most likely attributable to collapsing of the lumen and/or wrapping of the walls of early single-membrane chambers.
Poliovirus proteins and dsRNA are associated with both single-and double-membrane structures. To investigate whether viral proteins and RNA are associated with singlemembrane or double-membrane structures, we performed IEM imaging with antibodies against viral proteins and dsRNA, an indicator of viral RNA replication. The permeabilization procedure required for the penetration of antibodies into intracellular structures results in a marked deterioration of the fine structure of the membranous viral replication complexes; however, as shown in Fig. 7A , B, and C, viral proteins and dsRNA signals were found on both early single (arrows) and late double (arrowheads) membranes. We did not see differences between the viral replication proteins and dsRNA with respect to the patterns of their association with either single-or double-membrane structures. The labeling signal almost never encircled the entire membrane compartment outline but always appeared in the form of confined patches, indicating that viral proteins and RNAs are not evenly distributed on all the available membranous surfaces but are instead concentrated in distinct areas. These observations suggest that viral replication complexes form as distinct spatially separated loci.
The most active viral RNA replication occurs when the replication structures are in early single-membrane form. The observation of double-and single-membrane replication structures in poliovirus-infected cells has been a long-standing matter of controversy with respect to what structures are actually used for the replication of viral RNA. Although we detected dsRNA asso- ciated with both types of membranes, the presence of dsRNA does not necessarily indicate an active replication process. The RNAs may have formed earlier and then remained associated with membranes that are no longer involved in viral RNA replication. To detect active replication sites on membranes, we performed 1 h of pulse-labeling of cells in the middle of the infectious cycle with BrUTP that can be incorporated by the viral RNA-dependent RNA polymerase into nascent RNA chains. IEM with antibodies against BrUTP revealed that the label was associated with both single-and double-membrane structures, just as was observed for viral proteins and dsRNA, but not with the cellular organelle membranes of mitochondria and the ER (Fig. 8A) . Positive labeling was visible only on a subset of membranous structures in the field, and the appearance of the BrU signal was patchy, as described earlier for labeling of viral proteins, supporting the idea that functional viral replication complexes occupy distinct localized sites within the membranous scaffold.
We assayed the kinetics of viral RNA accumulation in cells infected and incubated under the same conditions as used for preparation of samples for electron microscopy. qPCR analysis showed that the exponential phase of viral RNA accumulation occurred between 2 and 4 h.p.i. (Fig. 8C) , when the replicationassociated membranes are almost exclusively represented by single-membrane early and intermediate structures. Nevertheless, the absolute amount of viral RNA synthesized after 4 h.p.i. was greater than that synthesized during the exponential phase. At 4 h.p.i., the level of signal for relative RNA accumulation was 5.7 ϫ 10 7 , whereas the level of signal at 7 h.p.i. was 2 ϫ 10 8 (Fig. 8C) . Real-time PCR data reflect the total accumulated RNA, which showed that by 4 h.p.i., only ϳ28% of total RNA was synthesized; therefore, the replication complexes existing after 4 h.p.i. must account for the majority of total viral RNA yield. Thus, our data demonstrate that the early and intermediate single-membrane structures were associated with the initial and most intensive rates of poliovirus RNA synthesis, while the late double-membrane structures appear in considerable quantities after the most active phase of viral RNA synthesis is over but may significantly contribute to overall viral RNA production.
DISCUSSION
Our research demonstrated that the transformation of cellular membranes into poliovirus replication complexes in infected cells is a well-coordinated multistage process. Previous reports of poliovirus replication structures described conflicting results and generated alternative models of their development. Nevertheless, these structures were generally visualized as "vesicles" whether surrounded by a single-membrane (11, 12) or a doublemembrane (48) bilayer. It is indeed tempting to interpret the round membranous contours on 2-dimensional electron microscopy images as representing cross-sections of "vesicles," but our data demonstrate that this perception is misleading. Electron tomography reconstruction shows that, until the final stages of in- fection, the membranous matrix associated with viral replication is represented by irregularly shaped branching convoluted singlemembrane tubular structures that look more like a porous sponge rather than like clusters of spherical individual vesicles.
Other data supporting a vesicular organization of poliovirus replication complexes were obtained from transmission EM images of viral replication-associated membranes isolated from infected cells. They appeared as clusters of elongated vesicles with protruding interwoven narrow necks. It was suggested that the inflated and the narrow portions, called "compact membranes," of the vesicles may be associated with different forms of viral replication complexes (10, 18) . In our experiments, we were able to investigate samples that were 200 nm in thickness. We did not see the "rosette-like" arrangements of replication membranes previously described for isolated replication complexes (10); neither was a segregation of areas corresponding to "compact membranes" obvious. It is possible that the shapes of the structures isolated from infected cells disrupted by homogenization in buffered aqueous solution resulted from fragmentation of the continuous structures that we had directly observed in infected cells.
Many positive-strand RNA viruses form their replication complexes on specific cellular organelles. For example, the outer mitochondrial membrane (40) , ER (38) , chloroplasts (16) , and plasma membrane (50) were previously shown to be sites of assembly of replication complexes for different viruses. The data available for poliovirus suggest that it utilizes membranes from multiple cellular sources (48) . In agreement with some previous reports (10, 24) , the first virus-induced membrane structures that we observed were associated with a cis-Golgi protein GM130, suggesting that Golgi membranes may be the initial site of poliovirus replication complex formation. The redistribution of this protein into multiple small foci in infected cells supports this idea. Other biochemical data have also pointed to the Golgi membrane as an important target of poliovirus replication. It has been shown that poliovirus proteins specifically engage components of the cellular secretory pathway, such as the small GTPase Arf and the Arf guanine nucleotide exchange factors GBF1, BIG1, and BIG2 (5) (6) (7) , that are known to play a role in Golgi homeostasis. However, pre-existing Golgi membranes likely could not provide sufficient material for the masses of membranous replication complexes that can occupy most of the cytoplasmic space in infected cells later in infection. The ER is the most likely source of membranes for growth and expansion of viral replication complexes. Previous studies showed virus-induced structures and tubules of the ER in close proximity (9, 17) . However, we believe it is unlikely that the ER is directly transformed into viral replication structures. The resident ER protein calnexin was excluded from the poliovirus replication structures, and the tomographic reconstruction did not reveal any apparent direct connections between the ER and the clusters of virus-induced membranous chambers. These data suggest that ER membranes must be modified somehow before they are used for virus replication.
The role of double-membrane structures in the infectious cycle of poliovirus remains uncertain. The exponential stage of viral RNA replication is essentially finished by 4 h.p.i., when these structures begin to form. It is possible that the wrapping of single- membrane early structures that generates the double-membrane tubules or vesicles is the result of the cell's response to virus infection and that they represent a dead-end development of the replication complexes. On the other hand, the amount of RNA synthesized after 4 h constitutes the major portion of the total viral RNA yield; thus, either double-membrane structures significantly contribute to the overall RNA production or single-membrane replication-active membranous complexes are being constantly generated throughout the course of infection. Our estimates of the intracellular constituents based on thin-section EM images are not quantitative, and there might be a sufficient source of membranes in infected cells that could contribute to the continuous formation of replication structures. Indeed, we saw regions of typical single-membrane early-looking membranous clusters in cells even at 7 h.p.i (Fig. 1F) . Given the high level of RNA synthesis associated with the single-membrane chambers, their contribution to RNA production may be higher than that of more copious double-membrane structures. Unfortunately, analysis of thinsection EM images does not allow reliable statistical evaluation of the true distribution of different structures in cells. It is possible that the double-membrane structures are responsible not for viral RNA replication but for other stages in the infectious cycle such as RNA encapsidation or, as has been recently proposed, for nonlytic exit of virus from infected cells (52, 54) . The latter phenomenon may be important for virus spread in an animal host, although the amount of virus released in the absence of cell lysis represents only a tiny fraction of the total amount of virus synthesized.
The process of forming double-membrane structures in poliovirus-infected cells has been suggested to involve at least the initial steps of the normal cellular autophagy pathway. This hypothesis was based on the morphological similarity of virusinduced double-membrane vesicles to early autophagosomes as well as on the stimulation of cleavage and modification of cellular LC3 protein in human 293T and MCF7 cells and its colocalization with the LAMP1 protein, an indicator of autophagosome development (27, 53) . The data supporting the contribution of the autophagy pathway to enterovirus replication are mixed. It was demonstrated that inhibition or stimulation of autophagy results in modest inhibition or stimulation of poliovirus and coxsackie B3 virus yield, and data were also presented suggesting involvement of autophagy in replication of rhinoviruses 2 and 14 (27, 59 ). However, Brabec-Zaruba et al. reported that replication of rhinovirus 2 was insensitive to manipulation of autophagy with pharmacological agents and did not induce detectable modification of LC3 (13) . This may indicate that different cells or cell types incubated under different conditions respond to poliovirus infection with different levels of activation of the autophagy program. It is also possible that the double-membrane structures in infected cells bear an only superficial morphological resemblance to those of autophagosomes. Our data indicate that the poliovirus doublemembrane structures are formed by collapsing and/or wrapping of the early single-membrane structures, whereas recent advanced imaging studies of autophagosome formation demonstrate that they are formed by de novo synthesis of the isolation membrane and not by the simple wrapping of pre-existing organelle membranes (22, 23, 60) . It is possible that changes in the concentration of intraluminal solutes result in luminal collapse due to change of osmotic pressure. Enterovirus 2B proteins are known viroporins (2, 56) , and accumulation of this protein during the time course of infection could increase the permeability of these structures, contributing to their collapse at later times. Recently, the 3-D architecture of membranous replication complexes of several positivestrand RNA viruses was investigated by electron tomographic methods similar to those used in the studies reported here. Together with the previously accumulated data on membrane modifications induced by positive-strand RNA viruses, the images reveal that viruses from different families infecting different hosts demonstrate significant similarities in the overall organization of their replication complexes. Flock House virus of the Nodaviridae family (34) , dengue virus of the Flaviviridae family (57), and Semliki Forest virus of the Togaviridae family (50) remodel membranes of mitochondria, ER, and plasma, respectively, to form invaginations harboring the viral replication machinery. Similar invaginated spherules were previously described as replication sites for other plant and animal viruses (21, 24, 30, 36) . In those studies, invaginations were formed by inducing negative curvature in the pre-existing membrane bilayer. On the other hand, our study and previous data on membrane remodeling by picornaviruses and coronaviruses showed that these viruses shape membranes into tubular and/or spherical vesicle-like structures with a positive curvature (3, 15, 19, 31, 49) . The total spectrum of positive-strand RNA viruses can be classified into three superfamilies of alpha-like, flavi-like, and picorna-like viruses on the basis of their genome sequences and organization (20, 32) . These higher-order taxonomic units encompass diverse viruses infecting different hosts from almost all kingdoms of life. It appears that negative membrane curvature structures initiated by membrane invaginations are a predominant characteristic of the replication complexes of alpha-and flavi-like viruses, while picorna-like viruses almost exclusively develop complexes with positive membrane curvature. This division implies that two different subsets of supporting cellular membrane remodeling pathways are recruited by those groups of viruses and may suggest that there are two basic strategies evolved by these pathogens to develop their replication complexes.
